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A Population of Injury-Responsive Lymphoid Cells Expresses
mpeg1.1 in the Adult Zebrafish Heart
Bethany R. Moyse and Rebecca J. Richardson
School of Physiology, Pharmacology and Neuroscience, Faculty of Life Sciences, University of Bristol, Bristol BS8 1TD, United Kingdom
ABSTRACT
Transgenic zebrafish that express fluorophores under the control of mpeg1.1 (mpeg1) and csf1ra (c-fms) promoters have been widely
used to study the dynamics and functions of mononuclear phagocytes (MNPs) in larval zebrafish, unveiling crucial roles for these
innate immune cells in many processes, including tissue repair. Adult zebrafish are also being increasingly used as a model organism
for such studies because of their regenerative capacity and presence of innate and adaptive immune cells. For example, recent
investigations highlight roles of MNPs in the regulation of diverse cellular processes during heart regeneration, including scarring,
cardiomyocyte proliferation, and neovascularization. However, transgenic lines that stratify MNP subpopulations (monocytes,
macrophages, and dendritic cells) are not yet available, preventing functional analysis of these populations. In an attempt to better
segregate cardiac MNPs, we assessed the coexpression of mpeg1.1 and csf1ra reporter transgenes in adult zebrafish hearts.
Unexpectedly, this also identified a discrete population of mpeg1.1+csf1ra2 lymphoid-like cells, which respond to cardiac cryoinjury
in a different temporal pattern to mpeg1.1+ MNPs. mpeg1.1+ lymphoid cells were also abundant in the skin, spleen, and blood, and
their frequency was unaffected in the hearts of csf1raj4e1/j4e1 mutant zebrafish, which display deficiencies in MNP populations. Flow
cytometry, imaging, and cytological and gene expression analyses collectively indicate that these cells comprise a mixed population of
B cells and NK-like cells. Our study therefore highlights the need to identify novel MNP lineage markers but also suggests undetermined
roles of B cells and NK-like cells in cardiac homeostasis and repair in adult zebrafish. ImmunoHorizons, 2020, 4: 464–474.
INTRODUCTION
A correctly balanced and timely inflammatory response is essen-
tial to achieve successful repair and regeneration of injured tissue
(1–9). As regeneration is inefficient in the majority of adult
mammalian tissues, the resultant scar deposition and poor
restoration of functional cells is central to the pathology of many
diseases (10). This is particularly pertinent following myocardial
infarction, in which the incomplete replenishment of cardiomyo-
cytes and chronic scarring can cause an irreversible decline in
cardiac function and lead to heart failure (11–13). Understanding the
beneficial and harmful interplay between inflammation and tissue
repairmay thereforeprovidecluesonhowtoenhancearegenerative
response in mammalian tissues. Recent studies in teleost fish,
amphibians, androdentssuggest that therecruitmentof immunecell
populations to sites of tissue injury is more conserved between
vertebrates than previously thought, despite apparent differences in
regenerative capacity (1, 2, 4, 5, 8). For instance, the recruitment of
innate and adaptive immune cells to acute cardiac injury in the
highly regenerative adult zebrafish is similar to that observed in
nonregenerative rodent models, indicating that subtle differences
in inflammatory response may impact regenerative ability (1, 2, 9).
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Cells of the mononuclear phagocyte (MNP) system, which
comprises monocytes, tissue macrophages, and dendritic cells
(DCs) (14, 15), have been a primary focus of tissue repair research,
including in the context of cardiac injury, given their involvement
inprocesses such as scarring andneovascularization (1, 3, 5, 6, 8, 9).
In humans and rodents, in which MNP lineages are routinely
defined by Ab labeling of precise protein markers, the diverse and
crucial roles that monocyte and macrophage subpopulations play
during repair and regeneration of the heart and other tissues has
begun to be characterized (5, 16, 17). However, the recent finding
that monocyte and macrophage subtypes play significant roles in
mediating the beneficial outcome of cardiac stem cell therapies
emphasizes the need to further elucidate the precise mechanisms
of MNP activity following tissue injury (18).
Fundamental roles of MNPs in many aspects of development
and disease have also been uncovered in larval zebrafish (19).
Furthermore, the discovery that zebrafish hematopoiesis is strikingly
similar to that of mammalian systems (20–24), including the
establishment of a sophisticated adaptive immune system by
3 wk postfertilization, has opened up new avenues of investiga-
tion in adult zebrafish (21, 25). The recent characterization of
zebrafish T lymphocytes (26), B lymphocytes (20, 27), and innate
lymphoid cells such as NK cells (23) has demonstrated that the
function and organizationof immune cell populations sharemany
similarities to their mammalian counterparts. Combined with
their regenerative capacity, the adult zebrafish therefore provides
a uniquemodel system to characterize the complex inflammatory
processes that govern natural regeneration in vertebrates.
Studies in zebrafish have benefitted from the creation of
numerous transgenic lines that permit the visualization, tracking,
and downstream investigations of virtually any cell type. This
includes the development of macrophage expressed 1, tandem
duplicate 1 (mpeg1.1, commonly known asmpeg1) (28) andCSF 1
receptor a (csf1ra, also known as c-fms) (29, 30) reporter
transgenic lines, which have been repeatedly used to label global
macrophage populations, predominantly in larval studies. Re-
cently, we have used these macrophage transgenics, alongside a
transgenic reporter for the classical proinflammatory macro-
phagemarker tnfa, to show that subpopulations of tnfa+ and tnfa2
MNPs play different roles in response to cardiac cryoinjury in
adult zebrafish (1). However, althoughmpeg1.1- and csf1ra-driven
transgenes are conventionally reported to label macrophages in
the zebrafish, they are likely to label all cells of the MNP system.
Asalternative genes that specifically labelmonocyte,macrophage,
and DC populations have not yet been established in zebrafish,
we cannot yet discern the dynamics of these populations during
homeostasis and following injury.
In this study, we aimed to further characterize subpopulations
ofMNPs in the adult heart by stratifying cells via their coexpression
of mpeg1.1 and csf1ra; however, in doing so, we unexpectedly
identified a population of lymphoid-like cells resident in the
heart that expressmpeg1.1. Extending our analysis to the blood,
spleen, andfin,we show that this population is found consistently
within both hematopoietic and functional tissues of the adult
zebrafish, confirming a similar recent report describing this in the
whole kidney marrow and other tissues of adult zebrafish (31).
Additionally, we show that thesempeg1.1+ lymphoid cells respond
to cardiac cryoinjury in a different temporal manner to csf1ra-
expressing MNPs. These mpeg1.1+ lymphoid cells could be
distinguished from mpeg1.1+ MNPs by their morphology, granu-
larity, and limited csf1ra,mfap4, andmarco expression.Analysis of
csf1ra mutant fish also revealed normal numbers of mpeg1.1+
lymphoid cells despite deficiencies of MNPs within the heart,
further suggesting that Csf1ra is not required for formation,
differentiation, or function of these lymphoid cells. Collectively,
the data presented in this study supports evidence that mpeg1.1
marks a population of lymphoid cells as well as MNPs and that
this lymphocyte population is expanded following cardiac injury.
MATERIALS AND METHODS
Zebrafish lines and procedures
The Tg(mpeg1:mCherry) (28), TgBAC(csf1ra:GFP) (29), and
csf1raj4e1/j4e1 (32) zebrafish lines have been described previously.
Adultfishusedwere aged4–18mo, andfishwere randomly chosen
frommixed sex tanks housing up to 20 individuals. Animals were
anesthetized via immersion in 0.025%MS-222 (A5040; Sigma) in
aquarium facility water for all procedures, once for a maximum of
5 min. Animals were euthanized via immersion in an overdose
of anesthetic. All lines were maintained according to standard
procedures, and all animal work was carried out in accordance
with U.K. Home Office and local University of Bristol regulations.
Cardiac injuries on adult zebrafish were carried out as described
previously (33). Briefly, fish were anesthetized and placed ventral
side up in a precut sponge soaked in aquarium water containing
anesthetic. A 4-mm incision was made through the skin and the
pericardial sacdirectlyabove theheart to expose theventricle.The
ventriclewasdriedusinga sterile cotton swabanda liquidnitrogen
cooled probe was applied to the exposed ventricle for 30 s.
Imaging
Tissues were dissected and washed in ice-cold PBS, fixed in 4%
paraformaldehyde (P6148; Sigma) at 4°C, and then furtherwashed
in PBS prior tomounting and imaging. Imagingwas performed on
a LeicaTCS SP8AOBS confocal laser scanningmicroscope using a
103/0.4HCPLAPODryor203/0.75HCPLAPOCS2 immersion
objective. For live imaging of blood circulation, zebrafish were
anesthetized and placed on a wetted sponge, and the tail was
immobilized with 1% low gelling temperature agarose (A9414;
Sigma). Within the heated (28°C) microscope chamber, fish were
placed in a reservoir and intubated with flowing (3–4 ml/min)
aquariumwater containing0.016%MS-222. Imageswereacquired
using a Leica SP8 multiphoton system using a 253/0.95 HC
Fluotar water dipping lens and resonance scanning at 8000
Hz. Images and videos were processed and brightness was
adjusted using Fiji (34).
Tissue preparation for FACS analysis
Heart. The ventricle was dissected, gently torn open, and washed
in ice-cold perfusion buffer (10 mM HEPES, 30 mM taurine, and
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5.5 mM glucose in PBS). Tissue was digested in perfusion buffer
plus 0.25% trypsin, 12.5 mM CaCl2, and 5 mg/ml collagenase II
(LS004176; Worthington Biochemical) for up to 2 h at 32°C and
agitated at 800 rpm,with regular pipetting to aiddigestion. To stop
digestion, the cell suspension was placed on ice and mixed with
one volume of perfusion buffer plus 10% (v/v) FBS (11591821;
Thermo Fisher Scientific) and 12.5 mMCaCl2. Cells were pelleted
(1500 rpm, 8 min, 4°C), resuspended in PBS plus 2% FBS and 0.8
mM CaCl2, and filtered through a 40-mm Falcon Cell Strainer
(22363547; Thermo Fisher Scientific).
Fin. The caudal fin was excised, gently disaggregated using
forceps, andwashed in PBS, and a cell suspensionwas prepared as
previously described for the ventricle.
Blood. Immediately following dissection of the heart, 3–10 ml
blood filling the chest cavity was collected using a heparin-coated
pipette tip, mixed with 10 ml 500 iU/ml heparin (A16198; Alfa
Aesar), and thenmixedwith ice-coldPBSplus 5%FBS (PBS/FBS).
Cells were pelleted, resuspended in 750 ml ACK Lysing Buffer
(LZ10-548E; SLS), and incubated for 10 min at room temperature
with gentle agitation to lyse RBCs. Lysis was terminated by the
addition of 750 ml ice-cold PBS/FBS. Cells were pelleted and
resuspended in PBS/FBS.
Spleen. Spleens were dissected and mechanically dissociated in
PBS/FBS by gently passing the tissue through a 40-mm cell
strainer. RBCswere lysed, and the cell suspensionwas prepared as
previously described for blood.
FACS analysis
All cellswere kept on ice until analysis. Immediately prior to sorting,
DRAQ7 (ab109202;Abcam)was added to the cell suspension to stain
dead cells. Flowcytometry analysis andFACSwas carriedout at 4°C
using a BD Influx Fluorescence Associated Cell Sorter. For sorting
and analysis, events were gated to select single, live cells (see
Supplemental Fig. 1 for gating strategy). Cells were sorted into a
1.5 ml Eppendorf containing PBS. FCS files generated from
sorts were analyzed using FlowJo_v10.6.2 software.
Cytology
FACS-sortedcellswere resuspended in200ml PBSandspun (1000
rpm, 5 min) onto a microscope slide using a Cytospin Cytocen-
trifuge (Thermo Fisher Scientific). Slides were dried and fixed in
methanol for5min, stained inMay–Grünwald stain for 5min, then
transferred to Giemsa stain for 10 min. Slides were rinsed in
3.3mMSorensonbuffer (pH6.8) for 3min todifferentiate and then
left to dry. Cytospins were imaged on an Olympus BX53 Upright
Microscope with a 340 objective. Cell measurements were
performedmanually on Fiji bymeasuring the longest diameter of
the cell body, excluding protrusions.
RNA extraction and RT-PCR
RNA extraction was performed from sorted cells using TRI
Reagent(T9424;Sigma)andPhasemakerTubes(A33248;Invitrogen),
according to themanufacturer’s instructions. RNAconcentrationwas
determined by 260/280 absorption ratios using a NanoDrop 2000
Spectrophotometer (Thermo Fisher Scientific). RNA was reverse
transcribedusingaMaximaHMinusFirstStrandcDNASynthesisKit
(K1682; Thermo Fisher Scientific), according to the manufacturer’s
instructions. Target genes were amplified (40 cycles) from cDNA
using the primers listed in SupplementalTable Iwith aQIAGENFast
Cycling PCR Kit (203745), according to the manufacturer’s instruc-
tions, on a Bio-Rad T100 Thermal Cycler machine.
Statistics
In all cases, n numbers refer to biological replicates unless
otherwise stated;wherepools of ventricleswereused, this is stated
in thefigure/legend.Rawdata recordingandanalysiswasconducted
using GraphPad Prism 8.2.1. Statistical significance was determined
via nonparametric Mann–Whitney or Kruskal–Wallis/Dunn multi-
ple comparison tests or parametric ANOVA (details provided in
figure legends). In all cases, error bars represent SD. For all datasets,
a Grubb outlier test was performed, and any significant outliers
(a = 0.05) were removed. Asterisks represent statistical
significance (*p , 0.05, **p , 0.01, ***p , 0.005).
RESULTS
Imaging and flow cytometry identify a population of
mpeg1.1+ lymphoid-like cells in the heart
We have recently characterized the recruitment of different
inflammatory cell populations to the heart following cardiac
cryoinjury in adult zebrafish and shown thatmacrophage subtypes
are required for proper scar deposition and subsequent resolution
during regeneration (1). To investigate cardiac macrophage
subtype dynamics further, we examined Tg(mpeg1.1:mCherry);
TgBAC(csf1ra:GFP) double-transgenic fish in more detail (Fig. 1).
When examining macrophage populations in the ventricle and
atrium of Tg(mpeg1.1:mCherry); TgBAC(csf1ra:GFP) double-
transgenic fish via confocal microscopy, we observed a small but
consistent population ofmpeg1.1:mCherry expressing cells, which
lacked csf1ra:GFP expression (Fig. 1A, 1B), denotedmpeg1.1+ cells.
These mpeg1.1+ cells generally appeared rounded and small
(arrowheads in Fig. 1B) in comparison with double-positive
mpeg1.1+csf1ra+ cells that appeared larger andmore stellate, typical
of mature, tissue-resident MNPs.
Consistent with thesefindings,flow cytometry of cells isolated
from the ventricles of Tg(mpeg1.1:mCherry); TgBAC(csf1ra:GFP)
double-transgenic fish also revealed that although the majority
(71.0% 6 6.3% SD) of labeled cells expressed both fluorophores,
18%66.7%SDof labeledcellswerempeg1.1+ (Fig. 1C, Supplemental
Fig. 2A). A minority of cells also appeared mpeg1.12csf1ra+
(csf1ra+; 1.2% 6 0.8% SD; Fig. 1C, Supplemental Fig. 2A).
Forward scatter (FSC) and side scatter (SSC), indicative of cell
size and granularity, respectively, also show thatmpeg1.1+ cells
are small and have a low granularity unlike thempeg1.1+csf1ra+
population (Fig. 1D), whichwas confirmed by cytological analysis
of these populations (Fig. 1E, 1F). A distinct lymphocyte-like
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appearancewas observed in themajority ofmpeg1.1+ cells (Fig. 1E)
with an average cell body diameter of 8.1 6 2.4 mm SD
(Supplemental Fig. 2B). In contrast,mpeg1.1+csf1ra+ cells resembled
monocytes, macrophages, and DCs (Fig. 1F); cells appeared larger
(average diameter = 18.0 6 4.0 mm SD; Supplemental Fig. 2B) and
had a low nuclear to cytoplasmic ratio, and many cells were
vacuolated and/or had many protrusions (15, 35, 36).
mpeg1.1+ lymphoid cells are present in other adult tissues
Next,we sought to determine the distribution ofmpeg1.1+ lymphoid-
like cells in other tissues of adult zebrafish (Fig. 2). Confocal imaging
in the spleen (Fig. 2A), vasculature (Fig. 2B, Supplemental Video 1),
andfins (Fig. 2C) of Tg(mpeg1.1:mCherry); TgBAC(csf1ra:GFP) adult
zebrafish revealed mpeg1.1+, mpeg1.1+csf1ra+, and csf1ra+ cells in all
tissues analyzed. As observed in the ventricle, mpeg1.1+ cells
presented with a smaller andmore roundedmorphology compared
with csf1ra:GFP-expressing cells, although this was seen to a lesser
extentwithinfintissue(Fig.2A–C).Thediscretempeg1.1+population
was also identifiable in the spleen, whole blood, and caudal fin
by flow cytometry, consistently presenting with lowermCherry
expression and forward and SSC characteristics comparedwith
the mpeg1.1+csf1ra+ cells (Fig. 2D–F, Supplemental Fig. 2C–E).
Interestingly, each tissue displayed a unique distribution ofmpeg1.1
and csf1ra transgene expression (Fig. 2D–F) yet the mpeg1.1+
FIGURE 1. A distinct population of mpeg1.1:mCherry+ cells exist in adult Tg(mpeg1.1:mCherry); TgBAC(csf1ra:GFP) zebrafish hearts.
(A) Whole-mount image of an adult Tg(mpeg1.1:mCherry); TgBAC(csf1ra:GFP) zebrafish heart. Outlined regions identify the ventricle (V), atrium
(A), and bulbus arteriosus (BA). (B) Higher magnification imaging of labeled cells within the ventricle (i) and atrium (ii) identified by the insets
in (A). Arrowheads identify cells that express mpeg1.1:mCherry but lack csf1ra:GFP expression (mpeg1.1+ cells). (C and D) Flow cytometric analysis of
Tg(mpeg1.1:mCherry); TgBAC(csf1ra:GFP) adult zebrafish ventricles. Representative plots from two pooled ventricles. (C) GFP and mCherry reporter
expression in labeled cells showing gating for single- and double-positive populations. (D) FSC and SSC analysis of mpeg1.1+, csf1ra+, and
mpeg1.1+csf1ra+ populations identified in (C). (E and F) Representative examples of May–Grünwald Giemsa–stained cytospin preparations of mpeg1.1+
and mpeg1.1+csf1ra+ cells isolated by FACS. One experimental replicate of six pooled ventricles. Scale bars, (A) 300 mm, (B, E, and F) 20 mm.
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population comprised a large proportion of labeled cells within
the spleen and blood (76.0% [single experiment of pool of five
samples]; 85.7% 6 5.2% SD [n = 5], respectively).
Cytospin preparations ofmpeg1.1+ cells from the caudalfin also
revealed a similar lymphoid appearance in the majority of cells,
although larger, rounded cells resembling plasma cells andmature
macrophageswere also present (Supplemental Fig. 2F). Alongside
the observations made by imaging and flow cytometry analysis
(Fig. 2C, 2F), this may suggest that mpeg1.1 is expressed in an
additional csf1ra-negative populationunique to the skin/fin. Indeed,
the morphology of these cells is similar to that of the recently
described nonmyeloid cell type, metaphocytes, which perform Ag
processing functions in the skin of adult zebrafish (37, 38).
Therefore, our data suggest that two populations of mpeg1.1+ cells
that do not express csf1ra exist in adult skin. As expected, the
mpeg1.1+csf1ra+fin cells resembled amixed population ofMNPs
(Supplemental Fig. 2E–G). It is also worth noting that whereas
the FSC/SSC profile of csf1ra+ cells in the heart, blood, and spleen
was characteristic of myeloid cells, csf1ra+ cells in the fin
possessed a very high SSC (Supplemental Fig. 2E). This is likely
due to the inclusion of xanthophores, pigment-producing cells of
the skin, which are also known to express csf1ra (32, 39).
mpeg1.1+ lymphoid cells respond to cardiac injury
Ourdatademonstrate thatmpeg1.1+ lymphoid-like cells arepresent
in theheart andother tissuesof adult zebrafishduringhomeostasis.
Todetermine if andhowthesecells respondto injury,weperformed
cardiaccryoinjuryonadultTg(mpeg1.1:mCherry); TgBAC(csf1ra:GFP)
FIGURE 2. mpeg1.1+ lymphoid-like cells are found in the spleen, blood, and caudal fin of adult Tg(mpeg1.1:mCherry); TgBAC(csf1ra:GFP)
zebrafish.
(A–C) Confocal imaging in the spleen (A), circulation (B), and caudal fin (C). Arrowheads identify mpeg1.1+ cells. (A and C) Whole-mount
imaging in fixed tissues. (B) Single frame from live imaging of the circulation (see Supplemental Video 1). Dotted white line outlines the vessel
through which an mpeg1.1+ cell is traveling. (D–F) Representative plots of flow cytometry analysis of the spleen (D), blood (E), and caudal fin (F).
Scale bars, (A–C) 20 mm.
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FIGURE 3. mpeg1.1+ cells are responsive to cardiac injury.
(A–C) Flow cytometry analysis of ventricular tissue and whole blood isolated from Tg(mpeg1.1:mCherry); TgBAC(csf1ra:GFP) zebrafish at key
timepoints following cardiac cryoinjury. (A) Exemplar plots and relative percentages of mpeg1.1:mCherry and csf1ra:GFP reporter fluorescence
intensity of labeled cells isolated from ventricular tissue at the specified timepoints (top) with the corresponding forward and SSC profiles of the
subpopulations shown below. (B) Mean 6 SD frequency of each cell population expressed as the total cell count per ventricle. Two independent
experiments. Statistical analysis was performed by Kruskal–Wallis with Dunn multiple comparison tests; p values are timepoint (Continued)
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zebrafish and harvested ventricular tissue and whole blood at 1,
3, 7, and 14 d postinjury (dpi; Fig. 3) for flow cytometric analysis.
In line with our previous observations (1), an accumulation of
MNPs (mpeg1.1+csf1ra+) was observed within the ventricle at 3
and 7 dpi (Fig. 3A, top, 3B) and showed increased size and
granularity at 1 and 3 dpi (Fig. 3A, bottom), likely because of the
activation of these cells, which is expected in the early phases of
tissue repair. Similarly, the frequency and FSC/SSC character-
istics of the csf1ra+ cells peaked within 1 wk postinjury (Fig. 3B).
The increased FSC and SSC of mpeg1.1+csf1ra+ and csf1ra+
populations following injurywas alsomirrored in the blood (Fig.
3C); however, frequencies of the subpopulations could not be
quantified because of high variability (data not shown). The
fluorescence distribution, FSC/SSC profile, and dynamics of the
csf1ra-expressing populations suggests that they include mono-
cytes, which are mobilized to the blood and recruited to the
ventricular tissue within the first week postinjury. However,
unlike the transient expansionof the csf1ra-expressingpopulations,
the frequency of mpeg1.1+ cells within the ventricle increased
throughout the time course, and cells remained small and
nongranular in both the ventricle and blood, further supporting
their lymphoid origin (Fig. 3).
Collectively, this confirms that csf1ra+ and mpeg1.1+csf1ra+
populations within the heart and blood respond to cardiac injury
with the expected dynamics of MNPs, whereas the number of
mpeg1.1+ lymphoid cells is expanded at later stages of repair and
remains elevated in the heart for longer.
The mpeg1.1+ cells in adult tissues express markers of B cells
and NK-like cells
mpeg1.1 expression has been previously reported inB cell andNK-
like (NKL) cells isolated from the whole kidney marrow of adult
zebrafish by a single-cell transcriptomic approach (22). To further
dissect the identity of the mpeg1.1+ lymphoid-like population, we
therefore assessed the mpeg1.16csf1ra6 subpopulations for the
expression of monocyte/macrophage, B cell, and NKL cell lineage
markers by RT-PCR (Fig. 4). This analysis was performed on cells
sorted from whole blood at 3 dpi to obtain large numbers of cells
for each population and to avoid collection of the proposed
nonlymphoid cells within the mpeg1.1+ population, which were
identified in the fin (Fig. 2).
As expected, mpeg1.1+csf1ra+ and csf1ra+ cells showed clear
expressionof csf1ra,mpeg1.1,mpeg1.2,mfap4, andmarco,whichare
reported to showmonocyte/macrophage-associated expression in
zebrafish (40). Endogenous expression ofmpeg1.1 in csf1ra+ cells,
which show low mpeg1.1:mCherry reporter expression, further
suggests that csf1ra+ cells in the blood are immature monocytes
that could be transitioning into maturempeg1.1+csf1ra+MNPs and
likely reflects thedelay inmCherryfluorophore synthesis, although
we cannot completely rule out contamination betweenpopulations
(Fig. 4). In contrast,mpeg1.1+ cells demonstrated low expression of
monocyte/macrophage genes yet showed distinct expression
of B cell– (cd79a and ighm) (27) and NKL cell (nkl.3 and nkl.4)
(22)–associatedgenes,whichwereabsent inboth csf1ra-expressing
populations (Fig. 4). This analysis therefore further supports the
identity ofmpeg1.1+csf1ra+ and csf1ra+ cells as MNPs and indicates
that thempeg1.1+ population comprise amixedpopulationofBcells
and NKL cells.
mpeg1.1+ lymphoid cell populations are normal in
csf1raj4e1/j4e1 zebrafish
To further confirm that the mpeg1.1+ population identifies cells
of a nonmyeloid origin, we compared the relative frequency of
mpeg1.16csf1ra6 subpopulations in the ventricle of adult zebrafish,
which have a loss of function mutation in csf1ra (csf1raj4e1/j4e1 or
panthermutants) (32). Like rodents, csf1ramutant zebrafishexhibit
reduced numbers of MNPs because of the critical role of Csf1r in
normalMNPdifferentiation, proliferation, and survival (14, 41–45).
Wethereforeproposedthatmpeg1.1+populationsshouldbeminimally
affected in csf1raj4e1/j4e1 zebrafish, whereas csf1ra-expressing
populations should be drastically reduced.
Indeed, imaging of the uninjured ventricle of wildtype and
csf1raj4e1/j4e1; Tg(mpeg1.1:mCherry) transgenic zebrafish showed
that csf1raj4e1/j4e1 mutants have sparse mpeg1.1:mCherry-labeled
cells within the ventricle unlike wildtype controls (Fig. 5A). Many
of theremainingcellsappearedtohavea lymphocyte-likemorphology
compared with uninjured controls; and asterisks identify statistically significant values. (C) Exemplar plots of mpeg1.1:mCherry and csf1ra:GFP
reporter fluorescence intensity of labeled cells isolated from whole blood at the specified timepoints (top) with the corresponding forward and SSC
profiles of the subpopulations shown below. One independent experiment. n, number of fish per timepoint; Un, uninjured.
FIGURE 4. mpeg1.1+ cells express B cell– and NKL cell–specific
transcripts.
RT-PCR of mRNA isolated from mpeg1.16csf1ra6 cell populations
sorted from whole blood at 3 d post–cardiac cryoinjury to determine
the expression of monocyte/macrophage, B cell, and NK/NKL cell
transcripts. ef1a was used as a control (Ctrl).
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as previously described formpeg1.1+ cells in wildtype (Fig. 5A).
Flow cytometry of uninjured ventricles from csf1raj4e1/j4e1;
Tg(mpeg1.1:mCherry); Tg(csf1ra:GFP) adult fish confirmed that
mpeg1.1+,mpeg1.1+csf1ra+, and csf1ra+ populations are still present;
however,mpeg1.1+ cellsmake up a larger proportion of the labeled
cells compared withwildtype ventricles (Fig. 5B). Comparing the
frequency of these populations between wildtype and csf1ra
mutant zebrafish ventricles showed that, as proposed, there is a
significant reduction in mpeg1.1+csf1ra+ MNPs (p = 0.0022);
however, the mpeg1.1+ and csf1ra+ populations appeared normal
(Fig. 5C).
DISCUSSION
Thegenetic tractability, live-cell imagingcapabilities, andpresence
ofmanymammalian orthologs has led to the creation of hundreds
of transgenic zebrafish lines, which has facilitated the study of
many diverse cell types (15, 28–30, 46–49). These advantages have
been extensively used to explore the dynamics of cells of theMNP
system, primarily macrophages, and has led to many important
discoveries about the development and function of these cells
during homeostasis and disease. However, the heterogeneity and
unique tissue-specific development ofMNPs complicate the study
of these cells, and thus far, only a handful of transgenic markers
that label these populations have been developed. Detailed
comparisons of zebrafish and mammalian immune systems is
therefore required and will simultaneously provide insights
into how the inflammatory response can facilitate regeneration
in adult tissue.
To better define monocyte and macrophage populations
within the adult zebrafish heart during homeostasis and following
injury, we have assessed the expression of two classically used
promoters to drive expression inmacrophages in zebrafish,mpeg1.1,
and csf1ra. Csf1r (also known as fms) is a classical macrophage
marker in mammals (41, 42). The identification of two zebrafish
orthologs of csf1r, csf1raand csf1rb, and their conservedexpression
withinMNPs led to the creation of csf1ra reporter transgenics (29,
30). However, additional expression of csf1ra in neural crest-
derived cells has compromised their usefulness in trackingMNPs
FIGURE 5. csf1raj4e1/j4e1 zebrafish have reduced numbers of MNPs but
normal mpeg1.1+ lymphoid cells.
(A) Whole-mount imaging of Tg(mpeg1.1:mCherry) fluorescence in the
ventricle of uninjured wildtype and csf1raj4e1/j4e1 adult zebrafish. Right
images (i and ii) correspond to the regions identified within the left
images. Images show that fluorescent cells are sparse and have a
smaller, more rounded morphology in csf1raj4e1/j4e1 (asterisks) com-
pared with wildtype controls (arrowheads indicate larger, more pro-
trusive macrophages). (B and C) Flow cytometric analysis of wildtype
and csf1raj4e1/j4e1; Tg(mpeg1.1:mCherry); TgBAC(csf1ra:GFP) uninjured,
adult ventricles. (B) Exemplar plots of mpeg1.1:mCherry and csf1ra:GFP
expression of labeled cells (left) and the associated forward and SSC
profile of the cell populations (right) in wildtype and csf1raj4e1/j4e1 adult
zebrafish ventricles. Single ventricle for each condition. (C) Frequency of cell
populations in wildtype and csf1raj4e1/j4e1 Tg(mpeg1.1:mCherry); Tg(csf1ra:GFP)
zebrafish as a percentage of live, single cells. Key indicates number of ven-
tricles in pooled experiments. Statistical analysis performed by Mann–Whitney
U test. Scale bars, left, 100 mm; right, 20 mm.
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in isolation in the zebrafish (32).Many studies have therefore used
mpeg1.1, historically referred to as mpeg1, to label macrophage
populations. Validation studies performed in larval zebrafish
showed that endogenous and transgene-derived mpeg1.1 is
exclusively expressed in primitive and definitive macrophages
and is coexpressed with csf1r (28, 40), making it a valuable tool
to specifically study macrophage dynamics in vivo, which was
not previously possible. However, as transgene expression is
sustained throughout adulthood (28), multiple studies have
since used mpeg1.1 transgenics to study macrophages in adult
zebrafish without thorough validation of its reporter specificity.
In this study, we have therefore characterized the expression
of mpeg1.1 and csf1ra in adult zebrafish tissues, with a
particular focus on the heart. We show that the vast majority
of labeled cells in the uninjured heart highly express both
transgenes (71.0% 6 6.3% SD), likely representing mature
tissue-resident macrophages. Additionally, we identified a
small population of cells in all tissues examined, including
the blood, that appear to strongly express csf1ra but express
undetectable or low levels ofmpeg1.1, suggesting these could
be a population of monocytes.
Our finding that mpeg1.1-driven transgenes are expressed in
additional populations of non-MNP cells in the heart, blood, and
other tissues of adult zebrafish confirms recent reports that
mpeg1.1 is not exclusively a macrophage-specific marker in adult
zebrafish (22, 31). In accordance with a recent report (31), we also
show thatmpeg1.1+ lymphoid cells expressmarkers of ighm+Bcells,
and their distinct lymphocyte-like morphology and abundance
in hematopoietic tissues supports this finding (36, 50). However,
we also provide new evidence that mpeg1.1+ cells harness a
transcriptional profile ofNKL cells. The presence ofNKandNKL
cells in zebrafish has been determined by the identification of
orthologsofmammalianNK-specificgenes,namelynovel immune-
type receptors and NK lysins, by single-cell sequencing and
morphological studies (22, 23, 51, 52). However, functional
studies of these cells have not yet been performed. mpeg1.1
transgenics may therefore aid the characterization of these
elusive cells. Our data also support the recent description of
mpeg1.1+ epidermal metaphocytes (37, 38), suggesting additional
markers will be required to stratify these mpeg1.1+csf1ra2 popula-
tions in studies in the skin.
The expansion of the putative mpeg1.1+ B cells and NKL cells
following cardiac injury (Fig. 3) also warrants future investigation
as studies inmammalianmodels suggest that thesecellshaveactive
roles in heart repair. Importantly for our investigation into the
roles ofMNPs in zebrafish heart regeneration,mature B cells have
been shown to mediate monocyte recruitment and detrimental
inflammatory-mediated tissue dysfunction in the heart (53, 54).
Similarly,NKcellshavebeenshowntoaffectmonocytematuration
during inflammation and have also been linked with beneficial
angiogenic and fibrotic responses in mammals (55–57).
Among others, our study highlights the need to identify novel
markers of monocyte, macrophage, and DC subpopulations to
facilitate more detailed investigation of these cells in larval and
adult zebrafish. Determining the reporter specificity of mfap4
transgenics in adult zebrafish, which has not yet been well
reported, may aid these studies (48). Nevertheless, we show that
by combining csf1ra and mpeg1.1 transgenics, the specificity of
labeling of MNPs can be improved by excluding contaminating
lymphoid cells and pigment cells that express mpeg1.1 and csf1ra,
respectively. This also prevents the need to segregate cells by size
and granularity characteristics, which may not be possible in all
tissues and may exclude rare populations of cells. This study also
raises questions about the function of mpeg1.1 and its paralogues
mpeg1.2 and mpeg1.3 in zebrafish immunology, which have been
described tohavedistinct roles andbeexpressed at different stages
of zebrafish development (58). Furthermore, as we observed a
complete lack ofmpeg1.2 expressionwithin thempeg1.1+ lymphoid
population (Fig. 4), the lineage specificity ofmpeg1.2 expression in
adult zebrafish requires further characterization.
In summary, our study has further dissected the dynamics of
MNP populations within the heart during homeostasis and
throughout the initial phases in heart repair and regeneration.
Simultaneously, we have confirmed that mpeg1.1 is expressed by
Bcells, providednewevidence formpeg1.1expression inNKLcells,
and proposed the involvement of these cells following injury. This
highlights the need to further characterize and diversify the use of
transgenic reporters in adult zebrafish. Continued in-depth
characterization of precise inflammatory populations, via gene
expression profiling, careful flow cytometry evaluations, and live
imaging, in regenerative models such as zebrafish will allow new
insights into the precise roles these cell types play in the
regenerative response, harnessing the unique power of zebrafish
as a model organism.
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